Some of the more potent, and interesting, natural products that have marked biocidal properties have one, or more, amide functional groups. On the other hand, there are countless amides that are non-toxic. Thus, there is a need to try to identify the structural features of biocidal amides that could indicate their potential toxicity. A review of the structures of some of these toxic amides, using the molecular modeling program STR3DI32, has established that these amide groups are non-delocalized.
Organic chemists have indulged themselves in the stimulating task of elucidating the structures of naturally occurring organic compounds that were isolated from a very wide range of organisms. The excitement of identifying the substructural units in the natural product, and the intellectual stimulation of eventually generating the entire structure, along with its stereo-chemical details, often surpass the challenges faced by the legendary detective, Sherlock Holmes.
The determination of the structure of natural products, especially those that contain delocalizable π-electron systems, is, however, simply the first giant step in the exercise, because the way we normally represent chemical structure on paper often omits important physical data like the details of delocalization in the structure.
These details are often paramount in determining the chemistry of the natural product, and its biological activity.
One of the most efficient and compelling methods for examining the reality of delocalization in any organic molecular structure is to obtain the crystal structure of that molecule. By having access to the details of the bond lengths, angles and dihedral angles of the molecule, we can often arrive at a much deeper understanding of the chemistry that a natural product shows in the laboratory, or in a biological system, and we can also predict its chemistry, if that has not yet been done. Hence, we need the services of a molecular modeling program that will enable us to detect, and to decipher, these stereo-electronic details.
Many of us associate molecular modeling with the exercise of "generating" a structure in silico, and then performing sequences of mathematical manipulations of that structure to arrive at a theoretical minimum energy conformation of that structure. Very often, this theoretical minimum energy structure will show significant differences from the x-ray structure, and then we are left with many more unanswered questions than when we started.
On the other hand, the molecular modeling exercise of generating a molecular model from the diffraction study's coordinate data for the natural product, and then examining the details of this experimentally determined structure, is an enormously fruitful process, that very often leads to many solutions and insights.
Unfortunately, some molecular modeling methods are not designed to facilitate this latter type of further detailed examination of the molecular structure, because they rely too heavily on user-generated input of data, which might be tainted by errors from the Box user. However, if one has access to an intelligent molecular modeling program that will minimize the user's role in generating the details of a structure, from the available diffraction data, in silico, then the stage will be set for another interesting adventure.
STR3DI32, an intelligent molecular modeler [1]
Most molecular modeling programs need user generated connectivity lists that instruct the program not only on what atoms are connected, but also by what types of bonds. Usually, the user has to include in this connectivity list any hydrogen bonding features that he/she is aware of, or wishes the program to take account of. The atom connectivity list (which atoms are joined to which) must be intrinsically correct, or the computer-displayed structure will be obviously erroneous. However, the user generated bonding features are often incorrect simply because the atom connectivity list usually arises from looking at a line-drawing of the molecular structure on paper, and critical distance data embedded in the coordinate data can be easily overlooked.
This problem with user-generated atom connectivity lists is widespread, and shows itself even in the structures published by x-ray crystallographers. For example, they will often overlook the inconsistency of a C-C bond length in the ethyl group of an ethanol solvated molecule (which should be about 151 pm), while the measurable distance (from the data) is about 133 pm. Such data errors often go unnoticed by the crystallographer because he/she "knows" that the ethanol molecule has a C-C single bond, and so he/she will generate an atom connectivity list that instructs the computer to show this C-C single bond, without bothering to examine the experimental data,. The poor program then has no option but to show this C-C bond as a single bond, as it is instructed to do by the atom connectivity list. If, at some later time, one were to measure this bond length of an apparent single bond, the unusual number would then be noticed.
During the development of the molecular modeling program STR3DI32, significant emphasis was placed on the molecular recognition features that were deemed to be desirable in making the program as user-independent as is possible. Thus, STR3DI32 was the first molecular modeling program that could totally reconstruct a molecular model from only the atomic coordinates and atom types and automatically generate not only the proper atomic connectivity, but also the important features of the types of covalent bonds present, all of the possible types of hydrogen bonding ( X: -H-X, and X: -H-C where X is a heteroatom), and the important other dipolar features that play significant roles in the molecule's structure and chemistry.
These molecular recognition features of STR3DI32 have played dramatically important roles in the uses of this program in examining complex stereochemical situations, such as the anomeric effects [2] , the reverse anomeric effects [3] , the roles of aromaticity in the stability of the DNA double helix [4] , the intercalation of DNA double helices by anthraquinoid entities [5] , understanding the relative reactivities of monosaccharide alkoxides [6] , and other challenging problems.
The molecular recognition features of STR3DI32 have also been invaluable in the present work, here described. Indeed, the work on the presence of non-delocalized amide groups in proteins [7] would have been an almost insurmountable logistical problem had it not been for the molecular recognition features of STR3DI32.
STR3DI32 not only automatically decides which atoms are joined by covalent bonds, but it also automatically measures these bond lengths in order to decide what types of covalent bond are used. The program next generates the atom connectivity data, and then shows the user the complete structure of the molecule being studied, warts, pearls, and all. Since STR3DI32 does this all by itself, from the coordinate data and the atom type data, the user has no chance to introduce errors into the generation of the molecular model.
The molecular recognition features (algorithms) of STR3DI32 not only provide invaluable guidance to the user, but effectively reduce the time spent doing a molecular modeling exercise properly.
Using an intelligent molecular modeling program, like STR3DI32, simplifies the task of looking for unusual structural features in molecules whose structures have been determined by diffraction methods.
The user simply inputs the molecular coordinate data, and atom types, into memory, and STR3DI32 will display the embedded structure, and any stereo-electronic features also implied in the coordinate data. The trained organic chemist can then visually recognize normal, and unusual, structural features of the molecular model. Figure 1 shows a color-modified rendition of the STR3DI32 molecular model of the cyclic peptide FIVSAE, from Biocidal amidic natural products Natural Product Communications Vol. 3 (11) 2008 1807 the Cambridge Crystallographic Data Centre [8] . Notice that the delocalized π-systems are shown with continuous double bonding. If any of the amide groups were non-delocalized, then the viewer would immediately recognize this.
• If the hypothetical crystallographer, above, had used STR3DI32 to display the x-ray coordinate data of his/her ethanol solvated molecule, STR3DI32 would have shown him/her a structure in which there was a double bond between the carbon atoms of the ethanol, thus visually alerting him/her to the error, and possibly to other similar errors in the data.
• The crystallographer would not have had to worry about identifying substructural features in which there is delocalization, or its absence, since STR3DI32 does that automatically, and displays these instances. Thus, he/she would have had a better perspective in drawing, on paper, a proper structure of the molecule.
• The crystallographer would not have had to worry about identifying, and so possibly not recognizing, the hydrogen bonding and other dipolar features of the molecule, since this is automatically done by STR3DI32. The C-N bond Bond lengths and bond types, from x-ray crystallographic data: There are many misconceptions about the nature of the C-N bond, especially when these bonds, or their nitrogen atoms, can be parts of delocalized π−electron systems.
The similarities in the covalent radii, and electronegativities, of nitrogen and carbon allow these atoms to form a wide range of bond types efficiently (from the point of view of orbital overlap), and much more so than for carbon and oxygen. The chemistry and physical properties of molecules that have C-N bonds usually reflects the C-N bond type. Thus there is usually restricted rotation about the C-N bonds of simple amides, and anilines are normally the most highly activated neutral aromatics in electrophilic aromatic substitution reactions, consistent with the π-electron delocalization in these molecules. However, there are molecular systems in which the possible delocalization is not well defined. These problematic systems provided us with the opportunities to use STR3DI32 to re-examine the xray crystallographic structures of some simple molecules that had C-N bonds in a variety of substructural circumstances [9] .
We re-examined the x-ray crystallographic data of a carefully selected, but significant, number of molecules that had two or more nitrogen atoms in at least two of the following structural circumstances.
• pyridines, or quinolines, in which there is an endocyclic delocalized nitrogen atom.
• simple amines, with nitrogens attached only to tetrahedral (SP 3 ) carbon atoms • anilines, aminopyridines, and aminoquinolines, with their exocyclic amino groups • amides • aromatic nitro-compounds.
We wanted to compare these C-N bond lengths within the same molecule, and so with the same experimental errors of determination, in order to correlate the C-N bond length with the C-N bond type. This study clearly demonstrated that:
• truly delocalized C-N double bonds had lengths similar to those of pyridine, of about 131 to 133 pm • structural constraints in pyridines and quinolines can cause elongation of the more congested endocyclic C-N bond to about 137 pm • amines in which the nitrogen was attached to tetrahedral carbons had C-N bond lengths between 141 to 150 pm • simple anilines and simple amides had C-N bonds in the same bond length range as pyridines and quinolines, 131 to 135 pm, showing that they were truly delocalized.
Indeed, this delocalization causes aniline to be about 10 6 times less basic than cyclohexylamine.
• the C-N bonds of aromatic nitro-compounds was usually longer than 143 pm, and usually at the longer end of the range of C-N bond lengths seen for simple amines (attatched to SP 3 carbons).
It is important to emphasize that this study was performed using experimentally obtained coordinate data, and involved no significant calculations other Box than the measurements of bond lengths, bond angles and dihedral angles. This definitive study, of experimentally determined x-ray crystallographic data, clearly led to three important conclusions.
• The C-N double bonds (and/or delocalized π−bonds) that were close to 137 pm were approaching the upper limit of the bond lengths of delocalized/double bonds.
• There are no C-N double bonds, or delocalized bonds, that are longer than 138 pm • In the ground state, the nitro group does not normally form a delocalized π−electron system with its attached aromatic rings, especially since the bond lengths of these C-N bonds do not vary with the dihedral angle between these structural units, and are well within the range of lengths of aliphatic C-N single bonds.
Pyramidalization at nitrogen, from x-ray crystallographic data: Molecular orbital theory suggests that the common organic atoms (C, N, and O) that are involved in delocalized π-electron systems, or in simple double bonds, should be almost truly planar, while those that are not parts of π−systems should be significantly pyramidalized, and be tetrahedrally coordinated. However, when the xray coordinate data of a wide range of unsaturated carbon compounds are examined, absolute planarity is not the norm, even at alkene carbons and in benzenoid rings. We have opted to measure the pyramidalization at a central atom (like C-1) by measuring the dihedral angle shown in Figure 2 . This pyramidal angle is essentially related to the height of the last atom (C-1) above the plane formed by the previous three atoms (atoms 2, 6, and 7). For simple molecules like methane and ethane, the carbon's theoretically predicted pyramidal angle should be about 35.3 degrees, while for ethene, the pyramidal angle should be zero (0) degrees.
Congestion and other structural factors can either increase or decrease these pyramidal angles. For example, the theoretically predicted pyramidal angle at a cyclohexane carbon, as measured above, is 37.5 degrees. The x-ray coordinate data of simple alkenes and aromatic compounds also reveal that the pyramidal angles at the carbons of these simple systems can be as large as 3 degrees.
The diffraction generated coordinate data of a wide range of nitrogen-containing molecules show that nitrogens that are involved in either delocalized π-systems or in isolated double bonds, have pyramidal angles that are less than 8 degrees. Tetrahedrally coordinated nitrogens, that are not involved in π−systems, are significantly more pyramidalized, and have pyramidal angles that are about 30 degrees, and are always greater than 15 degrees [7] .
Aromatic nitro-compounds
The nitro group is obviously quite flat, notwithstanding its C-N bond lengths to aromatic rings [9] .
However, one of the yet unanswered questions is why aromatic nitro-compounds are usually yellow. It is impossible not to invoke charge transfer processes between the nitro group and the aromatic ring of the aromatic nitro-compound, since there is no delocalization between these substructures.
Some biocidal amides
The β-lactams [10]: The literature abounds with information about α-lactams and β-lactams. Many β-lactam containing molecules are known, both naturally occurring and synthetic, and nearly all of these molecules are biologically active [10] .
β-Lactams are excellent examples of amides in which there is steric inhibition of resonance in these functional groups. The chemistry of these molecules strongly supports the notion of their non-delocalized amide functional groups, as they are all considerably reactive acylating agents, and are far more reactive than simple amides. It is well known that these lactams are biocidal because of their excellent acylating properties. Notice that the STR3DI32 molecular model of PMEPEN clearly shows that the lactam is nondelocalized, while the acyclic amide group is delocalized.
The pyramidalization at the lactam nitrogen is readily apparent.
One of the obvious driving forces for the reactivities of the β-lactams is the release of strain in the opening of the 4-membered ring. There should also be a significant increase in the entropy of the amino-acid resulting from ring opening, because of the larger number of conformational opportunities available to the acyclic reaction product.
β-Lactams are wonderful examples of molecules that have non-delocalized amide groups, which are significantly more reactive in solvolyses than simple amides, and which are biologically active as a result.
The snake venom proteins: Traditionally, protein chemists have believed that all of the amide bonds in polypeptides are delocalized. Indeed, the task of searching the structure of a complex protein for a non-delocalized amide group was in itself a daunting one, which we have likened to the proverbial search for a needle in a haystack [7] .
Prompted by the bioactivity of the β-lactams, we decided to study some other powerfully biocidal naturally occurring amides, the snake venom toxins, which are polypeptides (proteins). We re-examined the x-ray crystallographic coordinate data for several of these toxic molecules and showed, for the first time, that there were non-delocalized amide linkages in these biocidal proteins [7] . This study was facilitated by the ability of STR3DI32 to search any molecule in silico for small substructural units that the user specifies. Thus, if the user directs STR3DI32 to search a molecule for the unit "O=C=N-C", then it will find the delocalized amide groups in the molecule, and allow the user to perform a thorough structural examination on each "hit" before moving on to the next. In the same way, directing STR3DI32 to find the unit "O=C-N-C" will enable STR3DI32 to search the structure for instances of non-delocalized amide groups. The further examination of these groups, by measuring their C-N bond lengths, dihedral angles, and nitrogen pyramidalization, then enables the user to confirm that the substructural unit is indeed non-delocalized.
We found that the delocalized amides were usually in the core regions of the protein tertiary structure [7] . The C-N bonds of most of these non-delocalized amides were longer than 140 pm, clearly in the bond length range of the C-N single bond, and these nitrogens were significantly pyramidalized, even though the O=C-N-C dihedral angles varied between zero to about 27 degrees. Attention was drawn to the fact that these non-delocalized amide groups would be sites of enhanced chemical reactivity, and might indeed be the active sites of these toxins [7] .
One aspect of this work on polypeptides that was not further addressed was the question of how much pyramidalization of a nitrogen atom would be necessary in order to disrupt the amide delocalization. We have focused attention on the amide linkages formed by proline, especially those in small cyclic peptides (for example CGLPGL, FIVSAE, GICHOP, JINGAO, TEZRUL), and we found that proline formed truly delocalized amides, even though the pyramidal angle at the proline nitrogen varied from 0.2 degrees to 7.7 degrees. Hence, as we had concluded above, amide nitrogen pyramidal angles less than 8 degrees cannot be used, by themselves, as evidence for non-delocalization. The most definitive data that will confirm nondelocalization in amides is the C-N bond length [11] .
Interestingly, the examination of a large group of cyclic polypeptides failed to produce instances of non-delocalized amide groups.
Thus, simple constraining features like large rings will not necessarily force amide linkages to adopt conformations in which they are non-delocalized.
The complexity of the tertiary structures of proteins should suggest that there are quite large conformational forces in the interior of folded proteins. The fact that the non-delocalized amide groups that we observed in the snake venom toxins were in the core of the protein structure supports this notion that significant conformational forces are needed to maintain these amides in their most unfavourable conformations.
Having demonstrated, for the first time, the presence of non-delocalized amide groups in the snake venom proteins, we hoped to draw attention to the possibility that there could be other proteins that possess these interesting features. (Figure 4) , is a notorious toxin, known to scientists and laymen alike. It long social history has enabled it to be romanticized in films and in the literature. It apparently still defies toxicologist in their attempts to find a suitable antidote. Brucine [13] ( Figure 5 ), 9,10-dimethoxystrychnine, while equally notorious, is toxic, but is considerably less toxic than strychnine, its close structural relative. Both brucine and strychnine have been isolated from Strychnos nux-vomica. The STR3DI32 renditions of the x-ray crystallographic structures of strychnine (ZZZUEE01) and brucine (methanol solvate, CCDC 626955), both from the Cambridge Crystallographic Data Centre, are shown in Figure 4 .
Box
The pyramidal angle at the amidic nitrogen of strychnine is 17.65 degrees, the OC-N bond length is 137 pm, and the N-C(aromatic) bond length is 141 pm.
While the amidic OC-N bond length is borderline on being non-delocalized, the pyramidalization of the amidic nitrogen establishes the fact that it is not a π-atom. The N-C(aromatic) bond length is well within the range of lengths of C-N single bonds, and so strychnine is not a delocalized aniline either.
The pyramidal angle at the amidic nitrogen of brucine is 19.79 degrees, the amidic OC-N bond length is also 137 pm and the N-C(aromatic) bond length is also 141 pm. As for strychnine, while the OC-N bond length is borderline on being nondelocalized, the pyramidalization of the amidic nitrogen establishes the fact that it is not a π-atom. The N-C(aromatic) bond length is well within the range of lengths of C-N single bonds, and so brucine is also not a delocalized aniline. While the strain in the β-lactam ring is obvious, and the β-lactam ring size obviously restrains the establishment of a strongly delocalized amide group, one could not have predicted, from basic stereochemical principles, that the δ-lactam systems of brucine and strychnine would be non-delocalized. Indeed, most δ-lactams are just as strongly resonance stabilized as simple acyclic amides.
Undoubtedly, the complex bridged-ring architectures of the brucine and strychnine molecules must be the sources of the strain that has disrupted delocalization in their amide groups. A casual examination of a mechanical model of the structure of strychnine suggested that considerable steric strain would be released upon the solvolysis of their amide groups. Conformational energy change is an important contributor to reaction enthalpy.
The generally accepted mechanism for the hydrolysis of a simple acyclic amide [14] is shown in Figure 6 . While more complex mechanisms can be involved in the hydrolyses of non-delocalized amides [7] , it will still be useful to use this simple mechanism. For acyclic amides, the final bond cleavage step leads to two fragments, which are normally assumed to simply drift apart, along the axis of the cleaved C-N bond, while becoming fully solvated. The energy of solvation will vary from reaction to reaction. Thus, if a dipolar, and highly solvated, reaction intermediate fragments into two neutral entities, then this event will obviously be accompanied by a loss of bound solvent molecules, and a positive entropy change.
On the other hand, if a neutral entity fragments into two charged, and hence highly solvated, moieties, then there will be an increase in solvation of the fragments, and a negative entropy change. These entropy changes will play roles in determining the overall free energy change due to solvation and are not easily accounted for. Since the solvation processes in the hydrolyses of lactams are even more subtle than in the hydrolyses of simple amides, we will ignore these solvation events in the following discussion.
There could also be contributions to the enthalpy of the reaction brought about by conformational changes in the product molecule(s).
For simple acyclic amides, the conformational enthalpy changes in the developing products are usually small, and are normally ignored. However, for molecules that have complex architectures, these conformational enthalpy changes could be dramatic. In the hydrolysis of a lactam, the final bond cleavage process cannot be simple, and the movement of the amino group away from the carboxylic acid group must involve complex conformational changes in the resulting amino-acid, the energetics of which will be governed by the size of the lactam ring. α-Lactams have only one option, the rapid expansion of the ring angle (at the α-carbon) to some equilibrium position close to 110 degrees. β-Lactams will also initially experience the expansion of two bond angles (at the α-and β-carbons) to about 110 degrees, and then the resulting eclipsed-butane-like conformation should rapidly be converted to the more stable gauchebutane-like conformation, and thence to the antibutane conformer. Significant potential energy will be released in each angle expansion operation, consistent with the amount of angle and torsional strain lost, and the enthalpy of the β-lactam cleavage process will be made even more favorable by the conformational changes. In the solvolyses of architecturally simple lactams with larger rings, and unstrained bond angles, the C-N bond cleavage process should not initially involve only bond angle changes since these would be less favorable energetically than dihedral angle changes. Hence, one would expect that during the cleavage of the C-N bond these lactams should undergo rapid conformational dihedral angle changes, to move the amino group away from the carboxylic acid group (by bond rotation processes). Of course, lactams that have complex structures in which there are strained bonds, dihedrals and bond angles, might use all, or some combination, of their available conformation changing processes.
In order to get some estimate of the enthalpy change that would be involved in the hydrolysis of strychnine, the molecular model of the product of hydrolysis of strychnine, strychnine carboxylic acid, was generated (Figure 7) . During the exercise of modeling the solvolysis process, and the "formation" of the molecular model of strychnine carboxylic acid (Figure 7) , a small torsional motion about the C-β -C-γ bond was used to separate, "break", the amide C-N bond, consistent with the mechanism above, rather than any drastic changes in the surrounding bond angles. This rotation was actually a favorable process since it released some of the eclipsing interactions present in the molecular model of the hydrated amide (carbonyl group), but it was difficult to arrive at an estimate of this conformational energy change. However, after the molecular model of strychnine carboxylic acid was generated, still almost in its immediate post C-N bond cleavage state, its strain energy was measured, and then the molecular model was subjected to structure energy minimization, so producing the relaxed structure shown in Figure 8 . The extent to which the molecular model "unfolded" during the energy minimization process cannot be fully Box appreciated from these diagrams. However, the conservatively estimated conformational energy change on going from the conformation in Figure 7 to the conformation in Figure 8 was about 201 kcal/mol. This remarkable figure, which might actually be smaller than the experimental value, showed the extent to which the strychnine structure incorporated considerable bond length, torsional and angle strain, and reflects the release of this potential energy.
Again, the possible stabilizing effects of solvation are largely ignored in this discussion, and might amount to a few kcals/mol, but would be overwhelmed by the dramatic conformational enthalpy changes involved in the hydrolysis process. So, strychnine, brucine and the β-lactams are all reactive amides whose reactivities are enhanced not only by the fact of having non-delocalized amide groups, but also by their architectures that allow large conformational enthalpy changes to contribute to their solvolytic reaction enthalpies.
This observation should also be true for the complex and strained structures of the snake venom proteins that possess non-delocalized amide groups. Since the non-delocalized amide groups in the snake venom proteins are usually in the cores of the structures, attempts to model the hydrolyses of these reactive groups will obviously face logistical challenges.
However, the selective untangling of a protein in vivo is a trivial process, and it might well be that some enzyme in the snake's victim untangles the venomous protein enough to expose the still-twisted amidic warhead.
Conclusion:
While our survey of the literature is far from complete, and is limited by the availability of coordinate data from diffraction studies, it seems that natural products that have non-delocalized amide groups are toxic, and the toxicity might be related to the high reactivity of the non-delocalized amide groups. More generally, we cannot ignore the possibility that molecules with complex architectures, notwithstanding the simplicities of their functional groups, might exhibit quite unusual chemistry because of the stereochemical constraints and compulsions that they host. Molecular modeling of the x-ray crystallographic structure is thus the logical next step, once one has elucidated the structure of one of nature's puzzles, in trying to evaluate the extent to which these natural products, especially those that have complex architectures, might be hosts to unusual stereo-electronic effects. An intelligent molecular modeling program, that incorporates advanced structure recognition features like those in STR3DI32, might actually be the best first "tool" to use in deciphering the chemistry of a new natural product, or even of those already known.
